enzyme purification studies. Five strains of S. marcescens were screened in shake-flask studies and were found to produce 0.8 to 3.7 IU/ml 48 hr after inoculation. The requirements for asparaginase production with S. marcescens ATCC 60, the high producing strain, included the following: 4% autolyzed yeast extract medium (initial pH 5.0), an incubation temperature of 26 C, and limited aeration for a zero level of dissolved oxygen during the fermentation. Addition of various carbohydrates to the fermentation medium did not enhance yields. The peak cell population in the fermentation medium and the maximal asparaginase yields occurred simultaneously. Highest enzyme yields were found when the pH of the fermentation cycle rose to approximately 8.5. Yields of 4 IU of asparaginase/ml of cell suspension have been obtained consistently in 40 to 42 hr from 10-liter volumes (500 ml/4-liter bottle) produced on a reciprocating shaker. Scale-up to a 60-liter fermentor yielded 3
Intense interest in asparaginase (L-asparagine aminohydrolase, EC 3.5.1.1) has resulted from the discovery of its ability to inhibit growth of tumors in the mouse, rat, and dog and to suppress human leukemias in clinical trials. Studies on the mechanism of antineoplastic action of this enzyme suggest that a number of tumor cells responding to it lack adequate L-asparagine synthetase activity and require an exogenous supply of L-asparagine. Upon depletion of this amino acid by asparaginase, in vitro or in vivo, these tumor cells die. Advances in the attack on cancer with this unique agent were recently summarized by Broome (4) .
Asparaginases are available from a number of microbial sources including fungi (2, 8) , yeasts (3, 9) , and bacteria (1, 7, 10, 12, 13, 15, 16, 18, 19) , but thus far tumor-inhibitory activity has been demonstrated only with the asparaginases obtained from Escherichia coli (13) , Erwinia aroideae (16) , and Serratia marcescens (18, J. W. Boyd and A. W. Phillips, Bacteriol. Proc., p. 137, 1969) .
A tumor-inhibitory asparaginase, designated EC-2 and obtained from strains of E. coli, can be prepared on a large scale and has been used extensively for clinical trials and other investigations. Factors affecting the biosynthesis of this I Presented in part at the 69th Annual Meeting of the American Society for Microbiology, Miami Beach, Fla., 4-9 May 1969. asparaginase in flask cultures have been studied (5, 17) . Published research on its large-scale production has been limited.
A partially purified asparaginase from S. marcescens ATCC 60 was recently described (18) which caused complete regression of the guinea pig serum resistant 6C3HED-RG1 tumor in mice. This should make it possible to obtain sufficient quantities of purified asparaginase from a microbial source, other than E. coli, to evaluate its spectrum of antitumor activity. It would also allow for a comparison of toxicities induced by foreign proteins and endotoxins present.
The enzyme was prepared from cells of S. marcescens cultured by surface growth on an agar media. Surface culture methods are cumbersome, result in only small amounts of material, and are not adapted to production on a large scale. The objectives of the present investigation were to determine fermentation conditions for S. marcescens ATCC 60 which produce high yields of asparaginase in shake cultures and then to scaleup the fermentation to a 60-liter pilot plant-sized fermentor.
MATERIALS a Medium was 4% AYE; pH was adjusted to 5.0 with HC1. Strains were incubated in 100 ml of medium in 500-ml Erlenmeyer flasks on a rotary shaker at 26 C. tion under the conditions and over the range of the enzyme assay. The reaction rate was also found to belinear with respect to time for up to 30 min. Under the conditionsof the assay, 80% of the total asparaginase activity was detected in intact S. marcescens cells when compared with cells sonically disrupted in distilled water by using a Raytheon 10-kc sonic oscillator for 30 min with cooling of the sonic-treated materials in ice water. One IU of asparaginase is that amount of enzyme which liberates 1 pmole of ammonia in 1 min at 37 C.
Viable cell counts. The size of the S. marcescens populations present in the fermentation media was determined by the standard bacteriological technique of plating on nutrient agar and incubating overnight at 32 C.
Oxygen measurement. A Delta model 85 oxygen meter was routinely used for measurement of dissolved oxygen in the fermentation medium.
RESULTS
Screening of S. marcescens strains for asparaginase activity. All five strains of S. marcescens examined synthesized asparaginase with yields ranging from 0.8 to 3.7 IU/ml (Table 1) . Strain ATCC 60 was selected for further studies because of high productivity (3.7 IU/mI) and previous findings (18) The supply of dissolved oxygen available to the culture in the fermentation medium from 15 to 32 hr was zero, although vigorous agitation was taking place in the shake bottle. Biosynthesis of asparaginase occurred during this period of limited oxygen availability. After the return of dissolved oxygen to the fermentation medium at 39 hr, both the number of viable cells and the enzyme levels decreased.
The peak cell population in the fermentation Medium was 4% AYE; pH was adjusted to 5.0
with HCl. Incubated in 500 ml of medium in 4-liter bottles on a reciprocal shaker at 26 C.
The demand for cells required for the study and purification of asparaginase led to the pilot-plant culture of S. marcescens ATCC 60 in a stainlesssteel fermentor with a capacity of 60 liters. Forty liters of 4% AYE medium (initial pH 5.1) was prepared. The amount of inoculum was 0.5% by volume of the medium used in the fermentation. A yield of 3.1 IU of asparaginase/ml was produced in 35 hr at 26 C; the pH of the fermentation rose to 8.4, and a viable cell population of 58 billion/ml was obtained. At harvest, approximately 30 g/liter (wet weight) of nonpigmented cell paste, which assayed 75 IU of asparaginase/g of cells, was obtained by Sharples centrifugation of the fermentation beer (A. W. Phillips, personal communication). Maximal asparaginase yields were obtained without agitation in the fermentor but with constant aeration at the rate of 2.7 ftW/min. Fermentations made with agitation or with higher rates of aeration, or both, developed a high cell population and a red pigmentation in the beer, but reduced enzyme titers. Further scale-up to larger fermentors should be feasible. Cells for purification studies were readily separated from the culture broth and could be stored easily. Foaming of the beer during fermentation, both in the bottles and in the fermentor, was minimal and antifoam agents were not required. The results of these studies indicate that environmental factors are significant for biosynthesis of asparaginase with S. marcescens ATCC 60. Aeration of the fermentation medium is necessary for the growth of S. marcescens, but not for the production of asparaginase. Enhanced biosynthesis of asparaginase by E. coli K-12 with anaerobic growth conditions has been reported (5) .
DISCUSSION
As with a number of enzymes, formation of asparaginase is inhibited by the addition of sugars, particularly glucose. The mechanism of this depressive effect is being investigated in a number of laboratories and is thought to result from the presence of glucose metabolic products (14) . Our studies suggest that in the case of asparaginase biosynthesis the depressive effect of carbohydrates may be a function of their ability to lower the pH value of the fermentation beer.
The development of fermentation conditions which would support unusually high populations of S. marcescens cells may be important for obtaining maximal quantities of asparaginase. The asparaginase from S. marcescens appears to be present inside the bacterial cell where it can be detected without prior disruption or extraction of the cell.
